Abstract Currently, there are almost no studies concerning bioaerosol and particulate matter levels in animal enclosures of zoos. Numerous air contamination sources can be found there, and zoos are both working environments and popular tourist objects. The aim of this study was to assess bacterial aerosol levels in premises for animals (giraffes, monkeys, pheasants and ostriches) of the Kraków Zoo. Bioaerosol samples were collected using six-stage Andersen impactor to assess the concentration and size distribution of airborne mesophilic bacteria, Gram-negative bacteria and staphylococci. Particulate matter levels (PM 10 , PM 4 , PM 2.5 and PM 1 ) were assessed using DustTrak Aerosol Monitor. The results showed that the concentration of airborne bacteria varied significantly between enclosures for the analyzed animal groups and various groups of bacteria reached their maximum concentrations in premises for different animals. The mean share of respirable fraction of bacteria was quite high-68%, with values ranging from 12.8% for Gram-negative bacteria to 98% for mannitol-positive staphylococci, indicating potential harmfulness to the health of exposed people. Dust concentrations remained at similar, relatively low levels (maximum of 0.105 mg/m 3 for PM 10 in rooms for giraffes). This study showed that neither bacterial bioaerosol levels, nor dust concentrations exceed the permissible values provided by Polish guidelines, but comparing the values with other countries' limits suggests that the air could be considered as contaminated. The animals are a significant source of bioaerosol; therefore, attention should be paid to thorough cleaning of animals themselves and their premises and to maintaining appropriate levels of microclimatic parameters prevailing in the rooms.
to provide proper veterinary care, manage reproduction and ensure safety of animals and visitors. In turn, the Animal Welfare Code provides five basic rules for dealing with animals: freedom from hunger and thirst, freedom from discomfort, freedom from disease, pain and injury, freedom from stress and ability to express normal behavior (Kołacz and Bodak 1999) .
Over the last 100 years, many things have changed in zoos: the life expectancy of animals exhibited has increased significantly, medicine of exotic animals has developed, living conditions have improved, and breeding work has intensified. Zoological gardens have the greatest opportunity to save animal species threatened with extinction, which helps to preserve biodiversity and to protect genetic resources (Tombarkiewicz et al. 2008) .
A zoo is a conglomerate of artificial environments created for both native and exotic animals, that provides them with the best living conditions (the so-called welfare). Welfare of animals includes properly adjusted surface and cubature, terrain, temperature and humidity. Area and volume as well as cast and size of animals affect the bioaerosol and dust concentration in animal premises (Zubkowicz 2004 ). The conditions that should be met by rooms for particular groups of animals are included in the Regulation of the Minister of Environment of 2004 (Journal of Laws 2004) .
In animal rooms, as a result of the presence of litter, different types of feed, and-for a part of the dayalso feces of animals, the concentration of bioaerosol can be comparable to the one recorded in livestock premises. Usually, concentrations of airborne microorganisms in such premises are significantly higher than in human dwellings. Similarly, as in the case of animal production facilities, the concentration of bioaerosols, dust and odorous volatile compounds increases with increasing number of animals or the related equipment (Millner 2009 ). It has been well documented that the exposure to these contaminants of indoor environments is associated with a range of acute and/or chronic adverse health effects and diseases (Douwes et al. 2003; Kaliste et al. 2002; Samadi et al. 2013) . The most commonly reported include respiratory system problems (e.g., rhinitis, asthma, bronchitis, sinusitis), allergic mechanisms, gastrointestinal distress, fatigue and headache (Douglas et al. 2018 ). In the case of zoos, the abovementioned effects mostly concern workers, i.e., zookeepers, whose task is to be responsible for feeding and daily care of animals kept in captivity. They are also expected to clean the animals, their cages and enclosed spaces where animals are kept. All these activities are related to the direct exposure to dust particles and bioaerosols originating from animal skin, feces, feed and bedding (Kaliste et al. 2002; Lorenz 2004) .
Although many studies have been published on bioaerosols in various animal production or animal care settings, such as stables, farms, barns, swine houses and poultry housing (Chien et al. 2011; Douglas et al. 2018; Matković et al. 2007; Millner 2009; Zhao et al. 2014) , no comprehensive microbiological analyses have been carried out in zoological gardens to assess the microbiological contamination of rooms for various species of animals. A factor hindering the verification of the results obtained is also the lack of relevant standards or studies, which the results could be directly related to. Zoos are a unique environment where animals are kept in confinement, often indoors, where all animal care activities are performed by their caretakers. Also, the specificity of these places includes visits of tourists, often with small children, whose respiratory tract is often more vulnerable to contamination because it has different proportions than the respiratory tract of adults, their activity is more diverse and intensive, they breathe more air relative to their body size than adults, and their immune systems are less mature (Yoon et al. 2011) . Therefore, children are at particular risk of lung damage as a result of contact with poor air quality (D'Arcy et al. 2012) .
The main aim of the study was to assess the microbial and dust contamination of air in the selected animal premises of the Kraków Zoological Garden. The specific aims included the determination and analyses of:
• the size distribution of viable bacterial aerosol and dust particles in houses of four different animal species; • whether the total and respirable fractions of bacterial bioaerosol components differ depending on the animals tested; • whether the observed bioaerosol concentrations may pose health risks to the visitors and workers of the zoo, particularly with respect to the respirable fraction content;
• which factors most significantly determine the observed levels of bacterial aerosol.
The obtained results might shed light on the quality of air in animal premises of zoological gardens and the possible health risks associated with contact with microbial aerosols and dust particles in zoos.
Materials and methods
The study was conducted in a zoological garden in Kraków. It is a medium-sized zoo, with an area of 16.67 hectares, which exhibits more than 1400 animals of approx. 270 species with a numerous group of endangered animals (more than 100 species, among others red panda, snow leopard or Siberian tiger) (http://zoo-krakow.pl/). The selection of the study site was based on its convenient accessibility and proximity. The measurements were taken inside four premises where animals are kept (giraffes, monkeys, pheasants and ostriches). The selection of animals for the study was based on the assumption to examine the representatives of mammals (giraffes and monkeys) and birds (ostriches and pheasants). At the same time, the size of animals was taken into considerationsmall (monkeys and pheasants) versus large (giraffes and ostriches). Another criterion for the selection was the age of the animal houses-giraffes and ostriches were kept in new premises, while pheasants and monkeys were in older ones (Table 1) . One site located outdoors, at a distance of approx. 10 m. from one of the analyzed buildings, was treated as control. The location of the sampling sites is shown in Fig. 1 , and their characteristics are given in Table 1 .
The air samples were collected in the period from October 2016 to May 2017 (in three seasons: autumn, winter and spring, when the animals were present indoors) using a six-stage Andersen-Graseby model WES-710 cascade impactor (Westech Instrument, UK). The use of this device allows to distinguish the following aerodynamic diameter ranges of bioaerosol: [ 7 lm (stage one), 4.7-7 lm (stage two), 3.3-4.7 lm (stage three), 2.1-3.3 lm (stage four), 1.1-2.1 lm (stage five) and 0.65-1.1 lm (stage six). Samples were collected between 7.00 AM and 9.00 AM (before opening of the zoo for visitors). Each sample included six impaction stages with Petri dishes; in sum, there were 810 Petri dishes with biological material analyzed during the study. Per each season, we collected 270 samples (90 for one replicate). Between each sampling, the impactor was disinfected by using cotton balls immersed in 70% ethanol. The sampling time was 4 min, which with the air flow through the impactor of 28.3 l/min gave the volume of aspirated air of 113.2 l. The air sampler was placed at the height of 1.5 m above the ground level to collect the air from the human breathing zone. The following microbiological media were used to collect bioaerosol samples: trypticase soy agar (Biocorp, Poland) for the total number of mesophilic bacteria, eosin methylene blue (Biocorp, Poland) for Gramnegative bacteria and mannitol salt (Chapman) agar (Biocorp, Poland) for Staphylococcus spp. The samples were incubated at 37°C in aerobic conditions for 48 h. After incubation time, the colonies characteristic of each group of analyzed bacteria were enumerated according to Jensen and Schafer (1994) . Having regard to the fact that direct measurement of concentrations of viable airborne bacteria is difficult, the results were expressed in the form of the commonly used substitute for the concentration of living microorganisms, i.e., as the number of colonyforming units per m 3 of air (CFU/m 3 ). Dust concentration was measured using a DustTrak TM II Aerosol Monitor 8530 (TSI Inc., USA) laser photometer. The device allows to measure four fractions of dust: PM 10 (i.e., dust particles not larger than 10 lm), PM 4 , PM 2.5 and PM 1 (dust particles with diameters below 4, 2.5 and 1 lm, respectively), using interchangeable heads. The sampling time for each dust fraction was 1 min.
Microclimatic parameters (temperature and relative humidity) were measured using the Kestrel 4000 Weather Meter (Nielsen-Kellerman, USA).
A number of quality control procedures were used in the study. An adequate number of culture media, plates and replicates were used for each series of measurements, following the recommendations of the Polish Standard PN-EN 12322 (2005) . Sterility of the media was ensured by incubating the plates with the media at appropriate temperature for 3 days (ISO 11,133 2014) . Blank plates were used in each series of measurements, and they were incubated at the temperature used for the remaining plates. The measurement devices (Andersen impactor, DustTrak Aerosol Monitor and Kestrel Weather Meter), as well as all laboratory equipment used in our study are regularly checked and have current certificates.
Aggregates containing microorganisms with aerodynamic diameters below 4.7 lm are treated as the respirable fraction of bioaerosol. In the case of dust, it was assumed that the respirable fraction consists of dust particles smaller than 4.0 lm.
The recorded bioaerosol concentrations, due to the absence of guidelines on the acceptable concentrations of microorganisms in animal rooms, were referred to (Table 2) . The observed values were also compared with the proposals for limit values of airborne microorganisms for other countries (Table 3) .
Statistical analysis was performed using the Statistica 13 software (StatSoft, USA). The observed values of bacterial aerosol are presented as median values and ranges. The normality of data distribution was tested using the Shapiro-Wilk test. The distribution of total and respirable fraction values was close to normal, and other data were not normally distributed; therefore, both parametric (one-way ANOVA, followed by post hoc Tukey's test) and nonparametric (Kruskal-Wallis test) tests were applied to assess the significance of differences between the concentrations of bioaerosols in enclosures for different animals. Spearman's and Pearson's correlation coefficients were applied to assess whether there are statistically significant relations between the concentrations of bacteriological aerosol components and other analyzed parameters of air (temperature, relative humidity and particulate matter concentration) in the tested sites. Table 4 Gram-negative bacteria 20,000 *The recommended values should be twice lower for respirable fraction (RF), i.e., 50,000 CFU/m 3 for mesophilic bacteria and 10,000 CFU/m 3 for Gram-negative bacteria Sum of bacteria and fungi Donham (1991) 430,000/animal confinement buildings Table 4 Size distribution of bacterial aerosol in the enclosures for different groups of animals. Source:
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Group of bacteria 3 ) and Gram-negative bacteria-also for giraffes (92 CFU/m 3 ). It can be noticed that the concentration of the respirable fraction (RF) and total concentration (TC) of bacterial aerosol varies between enclosures for different animals, both between the analyzed species of mammals and the species of birds, as shown in Figs. 2 and 3 . The one-way ANOVA test showed that the differences in values of bacterial aerosol between animals are statistically significant (F = 21.52 for the total fraction and F = 11.85 for the respirable fraction, p \ 0.05). Tukey's test specified that for the total fraction, the differences were significant in the case of mesophilic bacteria and mannitol-positive Staphylococcus, while for the respirable fraction, the statistically significant differences were obtained for bacteria, mannitol-positive staphylococci and Gram-negative bacteria. Detailed results of the statistical test are given in Table 5 . It can be noticed that there are more statistically significant differences in the bioaerosol concentration between the premises for monkeys and ostriches and those in Respirable fraction PM4 Fig. 3 Mean concentration of the respirable fraction of bioaerosol in rooms for the studied animals juxtaposed with the concentration of particulate matter-PM 4 . Explanations of the symbols used are given in the caption of Fig. 2 rooms for other animals than in the case of giraffes and pheasants. What can also be easily observed is that the concentrations of bacterial aerosol inside the examined premises were much higher than those observed in the outdoor air (Table 4) . For instance, the number of total mesophilic bacteria was from 1.6 times higher (enclosures for pheasants) to even almost 12 times higher (in rooms for monkeys) than the one observed outdoors. The numbers of mannitol-negative staphylococci were from 11.4 (monkeys) to 27.2 (giraffes) greater than those observed outdoors, while in the case of mannitol-positive staphylococci these values ranged from 3.4 (giraffes) to even 354 times (enclosures for ostriches). The ratios observed in our study are much larger than those observed by, e.g., Brągos-zewska et al. (2018a) in their study conducted in different types of workplaces, i.e., an office building, where the maximum levels of bacterial aerosol indoors were about four times greater than those observed outdoors. On the other hand, Qian et al. (2012) observed that the concentrations of microbial particle mass in an occupied classroom of a university were about ten times higher than those observed in the outdoor air. A number of proposed hygienic standards suggest using the ratio of microbial concentrations measured inside and outside studied facilities in order to determine the admissible contamination (Górny et al. 2016 ). According to Burge (1990) , if the concentration of bioaerosol indoors exceeds 1.0 9 10 3 CFU/m 3 and persistently exceeds at least twofold the concentration found outdoors, it is necessary to take preventive measures in terms of the indoor air quality. Also, Reponen et al. (1990) suggested that if the indoor/outdoor ratio is much higher than 1, it confirms the presence of an internal source of microbial emission. The values observed in this study confirm that the presence of animals as well as their feces and litter significantly affects the quality of air in their houses. In terms of the most numerous group of microorganisms, the highest median value in our study was observed for mannitol-positive staphylococci-it was recorded in the rooms for ostriches (22,691 CFU/m 3 of air), with the highest share of the fine fraction (2.1-1.1 lm accounting for 30.3%). Mannitol-positive staphylococci were the predominant group of microorganisms in the case of birds; however, in the case of mammals (giraffes and monkeys), their concentrations were from three (as compared between monkeys and pheasants) to more than a hundred times lower (as compared between giraffes and ostriches) than in the air of bird enclosures. This could be explained by the fact that staphylococci are among the components of natural microflora of skin, feathers, hair and mucous membranes, so their high concentrations in animal rooms should not be surprising. Differences in the concentrations of various components of microbial aerosol in animal rooms were observed by many authors (Millner 2009; Zhao et al. 2014 ). For instance, Zhao et al. (2014) suggested that the factors that affect the observed differences in the microbial aerosol concentrations between various animal houses are numerous and always inter-correlated. These factors include animals themselves, their activity, housing system and management, whereas the animal activity can be influenced by the animal age, weight and light schedule. The animal-related factor can be further detailed into age, weight, activity and stocking density. The number of factors is substantial, and discussing all of them is beyond the scope of this study. Nevertheless, the concentration of microbial aerosol in animal housing is always reported to be higher than in the ambient air (Zhao et al. 2014) .
Even though the recorded concentrations of bacterial components of bioaerosol were in some cases quite high, after referring the obtained results to the Polish proposals of acceptable concentrations in working environments, provided by ZECB (Augustyńska and Pośniak 2016), it should be considered that the acceptable concentrations were not exceeded in the examined premises. The suggested limit values were developed as a result of volumetric measurements of environmental bioaerosols, suggesting the potential harmfulness of the given groups of microorganisms. Based on these values, it can be concluded that the concentrations of total mesophilic bacteria and Gram-negative bacteria do not pose health threats to the exposed workers of the Kraków Zoo. However, comparing the values observed in our study with the limits suggested by the Commission of the European Communities (1993 , Table 3 ) indicates that in terms of the total numbers of bacteria, the air in all examined premises should be considered as contaminated, while the air in rooms for monkeys and enclosures for ostriches should be considered as even highly contaminated. Considering the lack of international guidelines on the occupational exposure to the bioaerosol concentrations, the results obtained in our study were also compared to the limit values suggested for residential buildings. For instance, the Ministry of Health in China (2001) suggested that the total number of airborne bacteria should not exceed 2500 in residential premises. Nevalainen (1989) proposed that the limit value for dwellings should be 4500, while according to Reponen et al. (1990) it should be 5000. All these values were exceeded only in the case of the monkeys' house (median of 6460; Table 4 ).
Despite the fact that zoological gardens are among the most popular tourist objects, with large number of visitors and workers being potentially exposed to bioaerosols, the literature almost lacks reports on the microbial and dust contamination of air in these places. Due to the nature of rooms for animals in the zoo, which do not have such a dense stocking of animals as piggeries, stables or cowsheds, these buildings could possibly be compared with residential buildings on animal farms. Lis et al. (2008) , when conducting research on such buildings in farmhouses, observed the total concentrations of bacteria within the range of 587-9752 CFU/m 3 , and for the respirable fraction the range was 325-4176 CFU/m 3 . In the present studies, the concentration in animal rooms in the zoo was 821-6880 CFU/m 3 and 521-5855 CFU/ m 3 , for TC and RF, respectively. Thus, they were similar to those recorded by Lis et al. (2008) . One of the few studies concerning the bioaerosol concentration in zoological gardens was that carried out by Tombarkiewicz et al. (2008) , who-while conducting research at the monkeys' house of the Kraków Zoorecorded bacterial concentrations ranging from 173 to 1595 CFU/m 3 and staphylococci-from 67 to 2275 CFU/m 3 , but they did not find Gram-negative bacteria. When comparing these results with our study, for monkey rooms the minimum concentrations of bacteria were 34 times higher, but the maximum concentration was approximately twice higher; the range of staphylococcal concentrations (391-1740 CFU/m 3 ) was narrower and Gram-negative bacteria were in our case observed (maximum value of 120 CFU/m 3 ). This resulted from the fact that Tombarkiewicz et al. (2008) conducted their studies using MAS-100 air sampler, which is much less precise when compared to the six-stage Andersen impactor. The device used in our study allows to assess the particle size distribution of microbial aerosol and to precisely determine the concentration of microorganisms from six different aerodynamic diameters. On this basis, it can be assumed what fraction of the aerosol deposits in individual parts of the respiratory tract, providing much more detailed insight into the characteristics of the studied environment.
While considering the size distribution of bioaerosol fractions for all microorganisms and animals tested, it was found that there are significant differences between rooms for various animals (Fig. 4) . Bioaerosol fraction of 3.3-2.1 lm had the largest share-i.e., from 15.9 to 33.2%-depending on the group of animals, and the smallest share was observed for the fractions 11-7 lm and 7-4.7 lm. When assessing the percentage of respirable fraction in relation to the total bioaerosol concentration, its highest share was found in rooms for monkeys in the case of three groups of microorganisms: mesophilic bacteria (89.3%), mannitol-positive staphylococci (98.0%) and mannitol-negative staphylococci (91.1%). The smallest share of respirable fraction was recorded also in rooms for monkeys, but for Gram-negative bacteria (12.8%). The mean share of respirable fraction in the concentration of all analyzed groups of microorganisms was approximately 68.0%. The observed values are not very different from those reported by, e.g., Chien et al. (2011) in their study conducted on microbial aerosols released from chicken and swine feces, who observed that the proportion of respirable fraction of bacteria ranged from 83.5 to 88.0%. On the other hand, Lis et al. (2008) in their study conducted on farmhouses observed that the share of RF of bacteria ranged from 38 to 80% with the mean value of 55%. The results obtained by Brągoszewska et al. (2018b) in their study conducted in educational buildings (preschool, primary school and high school) showed that the contribution of respirable particles ranged from 73% in a preschool to 84% in high school, which are rather high shares. As given in Table 4 , the share of RF of bioaerosol is in most cases higher in the animal houses than in the outdoor air. Brągoszewska et al. (2018a) , who obtained similar results in their study conducted in office buildings, explained this phenomenon by the fact that in the outdoor air the particle size distribution is influenced by two opposing mechanisms. These are the rapid growth of bacterial particles and relatively higher mortality of fine particles, being normally isolated bacterial cells. Also, the proportions of RF observed in our study are large, particularly taking into consideration the fact that the particle size of microbial aerosols determines their penetrability to the human respiratory system. The harmfulness of particles below 5 lm (accounting for the respirable fraction of bioaerosol) is higher than the larger ones, as they reach the alveoli via the trachea and bronchi, causing allergenic and toxic effect (Owen et al. 1992) . As suggested by Brągoszewska et al. (2018b) , the share of RF reaching 80% should be treated as a potentially harmful level to the people exposed. Another factor that might affect the level of bioaerosol inside buildings is their age. Similar studies were conducted by Pasanen et al. (1991) . This is consistent with the results obtained in our study, where the levels of mesophilic bacteria were five times lower in new rooms for giraffes (three years old) than in the older ones for monkeys (ten years old). However, the lowest levels of mannitol-positive staphylococci were recorded in the rooms for giraffes, which were new. Lee et al. (2006) studied indoor bioaerosol levels in urban homes, finding an insignificant variation in the concentration of fungal spores among houses and their parameters, including age. They suggested that some other factors, such as the number of residents and their activity or the building ventilation, may have more significant impact on the bioaerosol concentrations.
The dust concentration in animal premises (Table 6 ) was only slightly variable. The median of the highest dust concentration in enclosures for giraffes for the PM 10 fraction was 0.1 mg/m 3 , while the lowest values were recorded in enclosures for monkeys and pheasants for the PM 1 fraction (0.069 mg/m 3 ). In the premises for all tested animals, the highest concentrations were recorded for the PM 10 fraction, intermediate for PM 4 and PM 2.5 , while the lowest for the PM 1 fraction. In Poland, there is a standard specifying the maximum average daily concentration for the dust fraction PM 10 , which is 0.05 mg/m 3 (Journal of Laws 2012). This value applies to atmospheric air, but there is no threshold value for indoor air. This means that in the analyzed rooms for animals, this value was exceeded only two times. It should be noted that in Polish cities in the autumn and winter seasons, the level of PM 10 in atmospheric air is being significantly and continuously exceeded-sometimes by several times (European Environment Agency 2017; Reizer and Juda-Rezler Table 6 Concentrations of particulate matter in the enclosures for different groups of animals However, what needs to be remembered is that poor indoor air quality, including working environment coupled with exposure to exceeded levels of particulate matter, poses a significant threat to people. In the case of zoos, these are visitors, animal keepers and veterinarians. Because animal environments have higher concentrations of contaminants and greater amount of biological content, the health threats are much higher than those in comparable non-animal environments (Tan and Zhang 2004) . Particulate matter in animal rooms is almost entirely biological and organic. It is a mixture of liquid and solid materials, including fodder, hair, urine, feces and microorganisms. Dust particles in animal indoor environments transport biological and organic substances, as well as viruses, bacteria, mold fungi and their spores (Tan and Zhang 2003) . Studies of exposure to exceeded concentrations of particulate matter provided evidence that it increases the risk of cardiovascular disease, adverse birth outcomes and neurological and cognitive disorders (Butler and Madhavan 2017) . It is very likely that workers transport dust particles on shoes and clothes from animal rooms to residential buildings, consequently posing threat to other people.
In animal rooms, it is possible to measure microclimatic conditions that affect the feeling of warmth, such as temperature, humidity and air movement, but we cannot get to know the ''thermal comfort'' of animals (Tombarkiewicz et al. 2008) . The recommended temperatures for the studied animals range within 16-30°C (Kołacz and Dobrzański 2006) . In this study, the temperature recorded in animal rooms ranged from 17.2°C to 27.8°C (Table 7) ; both the lowest and the highest temperatures were recorded in ostrich enclosures. The measured temperatures were within the optimal range for these animals. Moisture in the room air originates from wet floors, walls, food, directly from animal bodies and outdoor air. Too high humidity in animal rooms is undesirable, because it results in increased cooling and at the same time creates favorable conditions for the development of unwanted microflora. The humidity recommended for different groups of animals should be between 50.0 and 80.0%. In our study, the most dry air was recorded in the rooms for giraffes (58.7-61.2%), while the highest humidity was observed in enclosures for ostriches (71.2-86.4%); regardless of the group of animals, the humidity was within the recommended range (Kołacz and Dobrzański 2006) . However, the correlation tests used in our study revealed that there was a statistically significant positive correlation between the relative humidity and concentrations of three fractions of bioaerosol (stages three, four and five), as well as the total and respirable fractions, but the values (r value from 0.37 for stage three and total fraction to 0.42 for stage four) indicated that this correlation was weak. No statistically significant relationships were detected between the temperature or the dust concentration in the air and the level of bioaerosols in the examined animal premises. This might result from the fact that all the mentioned parameters inside the tested rooms were not subject to considerable variation, as might be observed outdoors. For instance, Brągoszewska and Pastuszka (2018) in their study on the effect of meteorological factors on the bacterial bioaerosol levels in the outdoor air in Gliwice observed that the air temperature was one of the most important factors shaping the concentrations of viable bacteria. Raisi et al. (2013) observed that in terms of bacterial aerosol, most significant correlations were observed with the ambient temperature (moderate negative correlation). Similarly to the observations made in our study, the bacterial aerosol did not correlate with any of the particulate matter fractions.
Conclusions
The observations made in our study showed significant differences between the premises for various animals, both in terms of the concentrations of bacterial bioaerosol components and in terms of the predominant groups of bacteria. It could be noticed that monkeys and ostriches were the most outlying groups of animals in terms of the maximum values of total number of mesophilic bacteria and mannitol-positive staphylococci. The observed indoor concentrations of bacterial aerosol relative to the outside air indicate that the animals are a significant source of bacterial components of bioaerosol.
Comparison of the observed concentrations of bacterial aerosol with the Polish guidelines on occupational health shows that the bioaerosol levels observed in our study should not be harmful to the health of the zoo workers or its visitors. However, international regulations suggest that the recorded contamination exceeds the acceptable limits.
Also, the share of respirable fraction of bioaerosol may indicate the possible health threats, as in most groups of bacteria, the respirable fraction was predominant with the mean share being approximately 70% of the total fraction.
The correlation analysis did not show any significant relationship between the bacterial aerosol levels and the microclimatic parameters of air or the particulate matter fractions. This might be due to the small variability of the mentioned parameters indoors.
In contrast to bioaerosols, the concentrations of dust particles were at very similar, quite low, levels. The workers' exposure to organic dust cannot be considered as potentially harmful.
Having regard to the specificity of the zoological gardens, which are both working environments and very popular tourist objects visited by families with small children, attention should be paid to thorough cleaning of animals and their premises, as well as to maintaining appropriate levels of microclimatic parameters prevailing in the rooms. Further and more detailed studies are needed to determine the species composition of the microbial aerosol, to assess the possible threat to the health of workers and visitors related to the exposure to pathogenic, potentially pathogenic or allergenic microorganisms.
